Defective responses to DNA single strand breaks underlie various neurodegenerative diseases. However, the exact role of this repair pathway during the development and maintenance of the nervous system is unclear. Using murine neural-specific inactivation of Xrcc1, a factor that is critical for the repair of DNA single strand breaks, we found a profound neuropathology that is characterized by the loss of cerebellar interneurons. This cell loss was linked to p53-dependent cell cycle arrest and occurred as interneuron progenitors commenced differentiation. Loss of Xrcc1 also led to the persistence of DNA strand breaks throughout the nervous system and abnormal hippocampal function. Collectively, these data detail the in vivo link between DNA single strand break repair and neurogenesis and highlight the diverse consequences of specific types of genotoxic stress in the nervous system.
The ability to respond to genotoxic stress is necessary for development of the nervous system. Defective responses to DNA damage can result in a multitude of human syndromes that feature pronounced neuropathology [1] [2] [3] . For example, spinocerebellar ataxia with axonal neuropathy (SCAN1) and ataxia with oculomotor apraxia (AOA1) are syndromes that are associated with single-strand break repair (SSBR) defects and feature ataxia linked to cerebellar degeneration and neuropathy [4] [5] [6] [7] . SCAN1 results from disruption of tyrosyl-DNA phosphodiesterase 1 (TDP1), an enzyme that is required for the 3¢-end processing of certain DNA lesions 5 . In AOA1, mutations in aprataxin (APTX) cause defects in the removal of 5¢-adenylate-DNA intermediates that can occur during DNA ligation reactions 3, 4 . Although these observations indicate the importance of addressing SSBs to avoid neuropathology, the general requirements for SSBR during neurogenesis are unknown.
XRCC1 is central to SSBR and interacts with multiple DNA repair factors, including APTX and DNA polymerase b, to process a DNA break for ligation involving DNA ligase III (Lig3) 2 . Because Xrcc1 null mice die around embryonic day 7 (E7) 8 , the physiological role of this repair factor remains unclear. To address this, we generated a conditional Xrcc1 allele to assess the role of SSBR in the mouse nervous system. We found that Xrcc1 is required for neurogenesis of cerebellar interneurons and for hippocampal homeostasis. We also found that Xrcc1 deficiency leads to the progressive and persistent accumulation of strand breaks in mature neuronal populations. These data are fundamentally important for understanding the etiology and neuropathology associated with neurodegenerative diseases arising from defective DNA damage responses.
RESULTS

Conditional inactivation of Xrcc1 in the nervous system
Germline deletion of Xrcc1 results in early embryonic lethality, precluding the analysis of Xrcc1 during development 8 . To circumvent this, we used a Cre/LoxP approach to generate a conditional Xrcc1 allele (Fig. 1a,b and Supplementary Fig. 1 ). We initially examined the effects of Xrcc1 inactivation throughout the embryo by crossing mice containing an Xrcc1 loxP allele with Meox2-cre mice, which expresses the Cre recombinase in the epiblast layer 9 . This allowed us to determine whether early lethality after germline deletion involves the placenta. Xrcc1 loxP/loxP ; Meox2-cre embryos were malformed by E10 and showed a high index of apoptosis throughout the embryo ( Supplementary  Fig. 1 ). We did not observe live Xrcc1 loxP/loxP ; Meox2-cre embryos after E12.5, which is consistent with an essential embryonic function for Xrcc1 (ref. 8) .
To explore the link between defective SSBR repair and neurodegeneration 2,3,10 , we used Nes-cre 11, 12 to inactivate Xrcc1 in the nervous system. Efficient deletion of Xrcc1 in neural tissues in Xrcc1 loxP/loxP ; Nescre mice (hereafter referred to as Xrcc1 Nes-cre ) was confirmed at the DNA, RNA and protein level (Fig. 1c,d and Supplementary Fig. 1 ). Repair of DNA strand breaks via Xrcc1-dependent SSBR and base-excision repair is associated with Lig3 activity to reseal the DNA nick. Previous studies have reported that Lig3 levels are linked to Xrcc1 (ref. 13) . To determine whether this occurs in vivo, we carried out western analysis using antibody to Lig3. Compared with control tissue extracts, Xrcc1 Nes-cre cortex and cerebellum had markedly reduced Lig3 levels (Fig. 1d) , indicating that a loss of Xrcc1 results in reduced Lig3 levels.
Aside from a growth delay, Xrcc1 Nes-cre mice did not show any other discernable defects, such as cancer, and the cause of premature death remains uncertain. However, adult Xrcc1 Nes-cre mice developed pronounced neurological dysfunction that was characterized by progressive mild ataxia accompanied by episodic spasms (Supplementary Movie 1). Xrcc1 Nes-cre mice generally survived to 4 months of age ( Fig. 1e) , had smaller brains and developed to only 75% of the size and body weight of matched control animals (Fig. 1f) . Magnetic resonance imaging analysis of Xrcc1 Nes-cre mice revealed a pronounced reduction in cerebellar size compared with the rest of the brain, although the overall brain to body weight ratio was similar (Fig. 1g) .
Xrcc1 loss results in DNA repair deficiency in the brain
To assess the role of Xrcc1 in repairing DNA damage in the nervous system, we subjected neurons that were isolated from postnatal day 15 (P15) cerebella (Fig. 2a) to DNA repair assays using alkaline comet analysis (ACA). We found a fourfold increase in global DNA strand breaks in Xrcc1 Nes-cre neurons over control neurons (Fig. 2b) . To further characterize neuronal repair, we analyzed cultured postmitotic cerebellar granule cell neurons (Fig. 2c,d and Supplementary Fig. 2 ) and quiescent cortical astrocytes ( Supplementary Fig. 2 ) after exposure to exogenous genotoxic agents. In both Xrcc1-deficient neural cell types, we observed that a substantial proportion of DNA strand breaks induced by ionizing radiation or hydrogen peroxide (H 2 O 2 ) remain unrepaired after prolonged recovery in genotoxic free conditions or after methyl methanesulfonate exposure, whereas repair was robust in control cells ( Fig. 2c and Supplementary Fig. 2 ). Knockdown of XRCC1 also sensitizes human neurons to oxidative stress after menadione treatment 14 . Because Xrcc1 is critical for SSBR and ionizing radiation and H 2 O 2 produce 20-2,000-fold more SSBs than DNA double-strand breaks (DSBs), our data indicate that Xrcc1 loss in neural tissue results in a pronounced SSBR deficiency.
To further determine the consequence of Xrcc1 loss, we analyzed the brains of Xrcc1 Nes-cre mice for the accumulation of DNA strand breaks.
We used gH2AX as a marker for DNA damage; gH2AX is the phosphorylated version of histone H2AX that forms at DNA breaks to enhance DNA repair efficiency 15 . Although gH2AX typically marks DSBs 16 , defective SSBR from Xrcc1 loss can result in DSBs that arise from the replication fork or transcriptional machinery colliding with SSBs, or from random damage accumulation leading to adjacent breaks. During early neural development, gH2AX occurred in proliferating regions of Xrcc1 Nes-cre embryos ( Supplementary Fig. 3 ), whereas postnatal Xrcc1 Nes-cre mouse brains showed a progressive, agedependent accumulation of gH2AX foci ( Fig. 3 and Supplementary Table 1 ). These gH2AX foci overlapped with those of another DNA damage marker, 53BP1 ( Supplementary Fig. 3 ), confirming that there was widespread accumulation of DNA damage throughout the Xrcc1 Nes-cre mouse brain.
Xrcc1 deficiency leads to loss of cerebellar interneurons
Analysis of the Xrcc1 Nes-cre brain, although smaller, revealed that most regions were generally similar to wild-type brains. A survey of the Xrcc1 Nes-cre central and peripheral nervous system using various markers of differentiation, proliferation and apoptosis failed to find major histological consequences of Xrcc1 loss ( Supplementary  Fig. 4) . However, the cerebellum and hippocampus (see below) were exceptions to this.
Histological analysis of the Xrcc1 Nes-cre cerebellum revealed a proportional reduction in size (Fig. 4a) and a profound and widespread loss of interneurons (Fig. 4b) . These interneurons are critical for modulating the output of the cerebellum and function to attenuate granule and Purkinje cell electrical activity 17, 18 . Five different types of interneurons reside in the cerebellum: the stellate and basket cells in the molecular layer, the Golgi cells in the granule cell layer (GCL), and the less abundant unipolar brush and Lugaro cells, which are also found in the GCL 17, [19] [20] [21] [22] [23] [24] . Cerebellar interneurons are GABAergic, although unipolar brush cells are glutamatergic. Accordingly, we found that glutamic acid decarboxylase (the enzyme that catalyses synthesis of GABA) immunoreactivity in the molecular layer was almost absent in the Xrcc1 Nes-cre cerebellum, indicating that there was a loss of basket and stellate cells (Fig. 4c) . Furthermore, we found a substantial reduction of mGluR2, a metabotropic glutamate receptor present in Golgi cells, in the GCL, indicating an absence of this interneuron in the Xrcc1 Nes-cre cerebellum (Fig. 4c) . In contrast, the numbers of unipolar brush and Lugaro cells in the mutant cerebellum were comparable with those of controls, as judged by histology and immunohistochemistry (data not shown). (c) Northern blot analysis showed that control animals produced an Xrcc1 transcript (2.5 kb), whereas the Xrcc1 transcript was absent in the Xrcc1 Nes-cre cerebellum and cerebral cortex. Actin mRNA (2 kb) served as a loading control. (d) Western blot analysis indicated that Xrcc1 protein (B80 kDa) was absent from the Xrcc1 Nes-cre brain and this was associated with a decrease in the levels of the Xrcc1-associated protein DNA Ligase 3 (B110 kDa). In contrast, the spleen and thymus of the Xrcc1 Nes-cre mice produced comparable amounts of Xrcc1 and Ligase 3 to those of controls. Actin was used as a loading control. (e) Kaplan-Meier curves showing Xrcc1 Nes-cre mice can survive up to 4 months of age. (f) Growth retardation and a smaller brain size were found in adult Xrcc1 Nes-cre mice compared with wild-type control mice. (g) Magnetic resonance imaging analysis of 3-month-old control and mutant brains showed that the cerebellum was markedly affected by Xrcc1 loss (white boxes). Three-dimensional volumetric analysis revealed a B30% reduction in cerebellar size, expressed as relative units.
Other cerebellar cell types, including Purkinje cells (Fig. 4c) , granule neurons and Bergmann glia (data not shown), appeared to be unaffected in the Xrcc1-deficient cerebellum. Furthermore, interneuron populations in other areas of the Xrcc1-deficient brain showed normal neuronal organization, maturation and morphology (Supplementary Figs. 5 and 6). These data indicate that Xrcc1 is important during the genesis of basket, stellate and Golgi interneurons.
Interneuron progenitors are susceptible to Xrcc1 loss Despite the pronounced effect of Xrcc1 loss on cerebellar neurogenesis, examination of embryonic neural development showed normal indices of proliferation (Ki67 and PCNA), differentiation (Tuj1) and maturation (NeuN) throughout the nervous system, including the embryonic cerebellum ( Supplementary Figs. 7-9 ). However, although neural progenitors were similar between controls and mutants, as judged by Sox2 immunoreactivity, we found increased apoptosis in the proliferative ventricular zone of Xrcc1 Nes-cre mice ( Supplementary Fig. 9 ), which could contribute to an overall reduction in the brain size of Xrcc1 Nes-cre mice.
The normal development of the Xrcc1 Nes-cre embryonic cerebellum ( Supplementary Fig. 8 ) suggested that Xrcc1 becomes particularly important as cerebellar interneuron progenitors begin to differentiate postnatally. Cerebellar interneurons originate from progenitors that reside in the white matter of the cerebellum and begin to differentiate around birth 19, 20, 23, [25] [26] [27] [28] . To define the stage at which interneurons are susceptible to Xrcc1 loss, we monitored interneuron progenitors using Pax2 (refs. 20,29) . We also used Pax3 as a hindbrain marker and as an adjunct to Pax2 for identifying immature cerebellar interneurons. Compared with wild-type tissue, there was a marked reduction of Pax2-positive interneuron progenitors in the Xrcc1 Nes-cre cerebellum from P0 onwards (Fig. 5a,b and Supplementary Fig. 10 ). We observed a similar absence of Pax3-positive cells from the white matter of Xrcc1 Nes-cre mice, whereas, in contrast, abundant Pax3-positive cells were present in wild-type tissue (Fig. 5b,c) . Pax3 also marks granule neuron progenitors (GNPs) in the external germinal layer (EGL). Pax3-and PCNA-positive cells were also found in the EGL of both mutants and controls, indicating that this region is substantially less affected by Xrcc1 loss (Fig. 5b,c) . These data indicate that the interneuron defect in Figure 3 The Xrcc1-deficient brain accumulates DNA damage in mature neurons. DNA damage accumulates in different Xrcc1 Nes-cre brain regions progressively with age as measured by gH2AX foci (arrows) at P10 and 2 months of age. CA1, the CA1 region of the hippocampus; CTX, cerebral cortex; DG, the dentate gyrus of the hippocampus; PC, Purkinje cell layer.
the cerebellum of Xrcc1 Nes-cre mice is the result of a selective loss of differentiating interneuron progenitors and that this occurs early in postnatal cerebellar development. However, because defects are noticeable from P0 onwards, Xrcc1 loss probably affects the interneuron progenitors before P0.
Interneuron progenitors undergo p53-dependent arrest
The loss of interneuron progenitor cells in the white matter of Xrcc1 Nes-cre mice could result from either DNA damage-induced cell cycle arrest or apoptosis. We confirmed that interneuron progenitor cells in the Xrcc1 Nes-cre mice, but not in matched controls, accumulated gH2AX foci, indicative of DNA damage (Fig. 6a) . We then determined the levels of cellular proliferation in various regions of the developing cerebellum using PCNA and BrdU and compared them with the levels of apoptosis. The cerebellar white matter of Xrcc1 Nes-cre mice showed a marked decrease in proliferating cells relative to control tissue (Fig. 6b) . In contrast, Xrcc1 Nes-cre white matter did not show increased apoptosis beyond that of the control cerebellum (Fig. 6b) , nor was increased apoptosis seen between P0 through P10 or in the embryonic cerebellum (data not shown). However, apoptosis was high in the EGL of Xrcc1 Nes-cre mice as determined by TUNEL and caspase-3 activation (Fig. 6c,d ), highlighting the distinct outcomes after DNA damage in different cell types. Moreover, we found increased p53 levels and concomitant increased immunoreactivity of the cyclin-dependent kinase inhibitors p21 and p27 in the cerebellar white matter (Fig. 6e) , suggesting that cell cycle arrest, rather than apoptosis, accounts for the loss of interneurons in the Xrcc1 Nes-cre cerebellum.
Because of the prominent role of p53-mediated signaling after DNA damage in the developing nervous system 30 , we generated Xrcc1 Nes-cre ; p53 À/À mice to determine the contribution of p53 toward interneuron loss. We found a complete rescue of interneurons in the molecular layer of the cerebella of Xrcc1 Nes-cre ; p53 À/À mice, which was reflected by a normal distribution of basket and stellate cells (Fig. 7) . These interneurons retained many functional properties, as they were 
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immunopositive for parvalbumin, superoxide dismutase 2 and glutamic acid decarboxylase (GAD), and synapsed extensively with Purkinje dendrites (Fig. 7 and Supplementary  Figs. 6 and 11) . However, Golgi cells in the GCL of the cerebellum were only partially rescued (Fig. 7) , suggesting a particular susceptibility to genotoxic stress, possibly reflecting the earlier genesis and unique identity of the Golgi interneurons 20, 23 . It is noteworthy that only complete inactivation of p53 rescued the interneuron phenotype, and p53 heterozygosity had no effect ( Fig. 7 and Supplementary Fig. 11 ), as it does when apoptosis is the end point of DNA damage in the developing nervous system 30 .
Xrcc1 Nes-cre ;p53 À/À mice also rapidly developed medulloblastoma brain tumors (Supplementary Fig. 12 ). Some Xrcc1 Nes-cre ; p53 +/À mice (12.5%, 3 of 24) also developed medulloblastoma after the loss of the wild-type p53 allele ( Supplementary Fig. 12 and data not shown). Comparative analysis of Xrcc1-deficient medulloblastoma with other medulloblastoma models from our laboratory showed a similar cytogenetic and expression array profile (data not shown), indicating that this tumor originated from the GNPs of the EGL 11, 31, 32 . This was further confirmed by breeding Xrcc1 Nes-cre ; p53 +/À mice with mice engineered to express green fluorescent protein (GFP) from the Math1 (also known as Atoh1) promoter 33 (Math1-gfp), which is highly expressed in the GNPs (Supplementary Fig. 12) .
Thus, Xrcc1 loss results in two unique outcomes in the cerebellum in response to genotoxic stress. In the white matter, Xrcc1 is necessary in interneuron progenitors to suppress DNA damageinduced p53-mediated cell cycle checkpoint activation. In contrast, Xrcc1 loss in the EGL leads to DNA damage-induced p53-mediated apoptosis. 
Figure 7
Interneuron loss in the Xrcc1-null cerebellum is dependent on p53. Loss of p53 rescued stellate and basket interneurons in the cerebella of Xrcc1 Nes-cre ; p53 À/À mice, as shown by Nissl and parvalbumin staining (arrows). In contrast, p53 loss was less effective at restoring Golgi interneurons in the GCL, as determined by mGluR2 staining (asterisk). GAD immunostaining revealed restored synaptic density in the Xrcc1 Nes-cre ; p53 À/À molecular layer, as did superoxide dismutase 2 (SOD2) immunostaining (arrows). Scale bars represent 200 mm.
Xrcc1 deficiency affects hippocampal function
Xrcc1 Nes-cre adult mice displayed a behavioral phenotype that is consistent with either seizure or episodic epilepsy (Supplementary Movie 1). A brain region often associated with this type of behavioral deficit is the hippocampus 34 . We found no differences in the general cellularity between the hippocampi of control and mutant mice ( Supplementary Figs. 5 and 7) , although increased DNA damage (gH2AX foci) was present in Xrcc1 Nes-cre tissue (Figs. 3 and 8a and Supplementary Fig. 3) . A marked reduction in the levels of the Xrcc1-binding protein Parp1 was also found in the Xrcc1 Nes-cre hippocampus (Fig. 8a) , indicating that a loss of Xrcc1 in this tissue may further destabilize components of the SSBR pathway. Consistent with a seizure phenotype, we found features common to temporal lobe epilepsy 35 in the Xrcc1 Nes-cre hippocampus, such as abnormally high levels of neuropeptide Y (NPY), and evidence of gliosis, such as increased levels of glial fibrillary acidic protein and vimentin (Fig. 8b) . Xrcc1-deficient hippocampal neurons also showed abnormal activity as revealed by increased c-Fos immunoreactivity 36 and a specific reduction of the oligodendrocyte marker 2,3-cyclic nucleotide 3-phosphodiesterase (CNPase). These results indicate that Xrcc1 is required for hippocampal homeostasis.
DISCUSSION
DNA repair is an essential feature of neural development and defects in this process can result in human neurological disease [1] [2] [3] . For example, defects in the DNA SSBR endprocessing enzymes APTX and TDP1, which are required for the repair of specific DNA lesions, are associated with the neurodegenerative syndromes AOA1 and SCAN1, respectively. Although these syndromes illustrate the need for maintaining genomic integrity, they do not fully elaborate the requirements for the DNA SSBR pathway during neural development. Therefore, we inactivated the central DNA SSBR factor Xrcc1 to assess the role of this repair pathway during neural development.
Although inactivation of Xrcc1 throughout the nervous system markedly affected the cerebellar interneurons and the hippocampus, there was also a progressive accumulation of persistent DNA strand breaks throughout the brain. A general increase in apoptosis in the neuroepithelia was also observed throughout development and probably accounts for the smaller brain size found in the Xrcc1 Nes-cre mice. Our findings illustrate the importance of this DNA repair pathway during the genesis of the nervous system and highlight cerebellar interneurons as a previously unrecognized target of defective DNA repair. This is particularly noteworthy, as the cerebellum is often affected in human neurological disease resulting from DNA repair deficiency 37 . It will be important to further investigate these diseases to determine the extent to which interneurons are involved in the resulting neuropathology.
The cerebellum is a laminar structure containing three main layers: the GCL, the Purkinje cell layer and the molecular layer 18, 38, 39 . Stellate and basket interneurons reside in the molecular layer, whereas the Golgi cells and other interneurons (the less common unipolar brush cells and Lugaro cells) reside in the GCL 18, 40 . Purkinje cells are the primary output from the cerebellum. Parallel fiber projections from granule neurons make synaptic contact with Purkinje cell dendrites and provide excitatory contact with the Golgi, stellate and basket cells. In turn, the stellate and basket cells make inhibitory contact with the Purkinje cells to modulate signaling to the deep cerebellar nuclei 17, 18, 39, 40 . Therefore, interneurons are integral to cerebellar function and are important for modulating Purkinje and granule cell output in the cerebellum. Notably, selective ablation of Golgi cells can result in profound cerebellar dysfunction 21 . Our data demonstrate for the first time, to the best of our knowledge, that Xrcc1 is critical for the formation of cerebellar interneurons. These interneurons form postnatally from migrating progenitor cells in the white matter of the cerebellum 23, 26, 28, 41 . To determine the mechanism of interneuron loss, we surveyed embryonic and postnatal cerebellar development in Xrcc1 Nes-cre mice to identify when interneuron progenitors were susceptible to Xrcc1 loss. We found that interneuron loss coincided with a failure of progenitor cell proliferation and differentiation from around P0 onwards. At this stage, DNA damage accumulated in Xrcc1 Nes-cre progenitors, leading to an increase in the cyclin-dependent kinase inhibitors p21 and p27, reflecting activation of a p53-dependent cell cycle checkpoint.
It is well established that apoptosis and cell cycle arrest are alternative outcomes of DNA damage 42 , and our data indicate that specific cell types in the cerebellum respond differently to DNA damage. We found that the granule neurons of the EGL undergo DNA damage-induced apoptosis, whereas interneuron progenitors respond to DNA damage via a p53-dependent cell cycle arrest. Xrcc1 loss affects this progenitor population postnatally as they commence differentiation. Before this stage, homologous recombination is available as a backup system for DNA repair 5 and may partially compensate for Xrcc1 loss. Other studies indicate that interneurons can be affected by perturbations in proliferation control, as cyclin D2-null mice develop a cerebellum that is essentially devoid of stellate interneurons, suggesting a selective regulation of cell fate as these progenitors differentiate 43, 44 .
In addition to the cerebellum, the hippocampus was also affected by Xrcc1 inactivation. Although there was no overt cell loss, hippocampal neurons from Xrcc1 Nes-cre mice showed DNA damage and associated neuropathology as indicated by gliosis and elevated c-Fos levels. These features resemble the neuropathology of temporal lobe epilepsy, a type of epilepsy in human adults with seizure as a primary clinical manifestation 35 . Similarly, adult Xrcc1 Nes-cre mice exhibited sporadic seizure-like activity. Perhaps the high levels of NPY found in the Xrcc1 Nes-cre hippocampus and its anti-epileptic functions reflect an attempt to counteract uncontrolled neuronal activity and seizure 45, 46 .
Mature neurons throughout the Xrcc1-deficient brain accumulate DNA damage with age. Because persistent gH2AX and 53BP1 foci usually denote DNA DSBs and not SSBs, it is surprising to us that these are found in the mature Xrcc1 Nes-cre mouse brain. This may indicate that gH2AX foci reflect the rapid in vivo accumulation of DNA SSBs, whereby adjacent breaks are sensed as DNA DSBs. Although the link between Xrcc1 and DNA DSB repair is unclear 47 , we did not find defects in DSBR in Xrcc1 Nes-cre neural cells, as determined by gH2AX recovery assays after ionizing radiation (data not shown). Furthermore, if Xrcc1 loss does lead to DNA DSBs, why does non-homologous endjoining not repair the damage 12 ; particularly as recovery of ionizing radiation-induced gH2AX in the Xrcc1 Nes-cre brain occurs with normal kinetics (data not shown)? Alternatively, gH2AX foci can reflect structural changes in chromatin other than the formation of a DSB, which might occur by persistent DNA repair factor association with chromatin 48 . Perhaps then the progressive accumulation of gH2AX in the Xrcc1 Nes-cre brain reflects the slow repair of SSBs, and prolonged accumulation of repair factors at the break that modify chromatin structure.
Collectively, our data show that DNA SSBR is critical for neural development and that this pathway is essential for the genesis of cerebellar interneurons and hippocampal function. These data will contribute to understanding the role of the DNA damage response in the prevention of neurological disease.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
